introduction Dopamine (DA) is chemically known as 4-(2-aminoethyl)-benzene-1,2-diol, and is one of the crucial catecholamine neurotransmitters widely distributed in the central nervous system for message transfer. 1, 2 As a chemical messenger, dopamine affects brain processes that control movement, emotional response, and ability to experience pleasure and pain. 3 It plays a pivotal role in the function of the cardiovascular, hormonal, renal and central nervous systems. [4] [5] [6] [7] It has been reported that a loss of DA-containing neurons may lead to neurological disorders, such as parkinsonism and schizophrenia. 8 Therefore, a sensitive and accurate determination of dopamine is important not only for diagnostics, but also for pathological research. Dopamine hydrochloride (DPH), a hydrochloride salt of DA, is generally used in clinical treatments.
Over the years, a variety of techniques have been utilized for the determination of DPH.
Wang et al. 9 reported the determination of DPH by fluorophotometry, with a narrow linear range (0.02 -0.60 mg L -1 ), a lower upper limit, and a bigger standard deviation. The HPLC method 10 was described for the determination of DPH with an expensive apparatus. Chemiluminescence has also been applied to determine DPH; however, some chemiluminescence reactions have hardly found extensive applications due to the instability of the oxidation reagents. [11] [12] [13] Spectrophotometry 14 was also used to determine DPH, and the apparent molar absorption coefficients of determination of DPH were 6.47 × 10 3 and 7.4 × 10 3 L mol -1 cm -1 , respectively. However, the apparent molar absorption coefficient of DPH was found to be 3.2 × 10 4 L mol -1 cm -1 by this proposed method. Consequently, this novel method has high sensitivity.
As an electrochemical probe reagent, potassium ferricyanide (K3[Fe(CN)6]) has been used on studying the electrochemical characteristics of electroactive substances, such as the reversibility electrode reaction process, the chemical reaction process, and the electrode's adsorption surface area. [15] [16] [17] Due to its oxidizability, potassium ferricyanide also plays an important role in chemiluminescence. 18, 19 In this work, we developed a simple, sensitive and inexpensive assay for DPH with potassium ferricyanide-Fe(III) by spectrophotometry. Fe(III) is reduced to Fe(II) by DPH, and then the formed Fe(II) reacts with potassium ferricyanide to form a soluble prussian blue (KFe III [Fe II (CN)6]). 20 The maximum absorption of the product is 735 nm. According to the absorbance of product, the amount of DPH can be successfully obtained. The linear range is 0.05 -6.00 μg mL -1 , and the detection limit is 0.045 μg mL - 1 . In order to demonstrate the performance of this described method, the determination of DPH was carried out in pharmaceutical, banana, urine and serum samples, respectively. Analytical results obtained with this novel method were satisfactory.
In the present work, we developed a simple, sensitive and inexpensive method to determine dopamine hydrochloride using potassium ferricyanide- . This described method has been used to determine dopamine hydrochloride in pharmaceutical, banana, urine and serum samples with satisfactory results. General Instrument Co., Beijing, China) was used for photometric measurements. A Model CS-501 super thermostat instrument (Chongqing Experiment Equipment Plant, Chongqing, China) was utilized for temperature control. A Bruker D8 Advance X-ray powder diffractometer (Germany) was employed for XRD measurements.
A 1000 μg mL -1 standard solution of DPH (Chinese Drugs and Biological Goods Co.) was prepared by dissolving 0.10 g in distilled water and diluting it to 100 mL (the solution was preserved without light at 4 C). Stock of standard solutions of 1.5 × 10 -2 M potassium ferricyanide (A.R., Beijing Chemical Plant, Beijing, China) and 1.5 × 10 -2 M ferric chloride (A.R., Tianjin Chemical Plant, Tianjin, China) were obtained by dissolving 1.2347 g of potassium ferricyanide and 1.0137 g of ferric chloride in 250 mL standard flask with distilled water, respectively. All reagents were of analytical grade, and all solutions were prepared with distilled water.
Preparation of banana, serum and urine samples
Twenty grams of banana were weighed and squeezed completely. Afterward, 50.00 mL of HCl (0.10 M) was added, and the mixed solution was stirred for 10 min. Then, 50.00 mL of distilled water was added, and the mixture solution was churned for 5 min and then centrifuged. The upper solution were transferred to a 250-mL flask, and NaOH (0.10 M) was used to make pH 6.0. The solution was diluted to the mark with distilled water, and stored at 4 C until analysis.
Whole blood (10.00 mL) from healthy volunteers was aliquoted into centrifuge tubes, and then centrifuged at 3000 r min -1 for 10 min. The upper plasma layer was transferred to a new centrifuge tube, and the same volume of 1.00 M HClO4 was added to the solution to precipitate the protein completely; superfluous HClO4 was eliminated by K2CO3 and ethanol. Then, the centrifuged and upper solution was preserved at 4 C without light until analysis. Urine samples (20.00 mL) from healthy volunteers were filtrated, and the filtrate was also preserved without light at 4 C.
General procedures
After 1.00 mL of 40 μg mL -1 DPH, 1.00 mL of 1.5 × 10 -2 M ferric chloride, and 1.00 mL of 1.5 × 10 -2 M potassium ferricyanide were transferred into a 25-mL color comparison tube, the solution was diluted to scale with distilled water and mixed well (pH of this solution is 4.0). Then, it was left standing for 35 min at room temperature. Afterward, the absorbance of the solution was measured at 735 nm against a reagent blank prepared in the same way, but no DPH.
Results and Discussion

Reaction mechanism
Due to the reducibility of vicinal dihydroxybenzene derivatives, Fe(III) was reduced to Fe(II) by DPH in the presence of potassium ferricyanide, and vicinal dihydroxybenzene derivatives were oxidized to form o-benzoquinone. 21 Subsequently, the in situ formed Fe(II) reacted with potassium ferricyanide to form soluble prussian blue (KFe
Based on the number of electronic transfers, the reaction stoichiometric ratio of Fe(III) and DPH was 2:1. Hence, it seems reasonable that the reaction mechanism was as follows (see Fig. 1 ).
Analysis of product
To investigate the product, XRD measurements were carried out at room temperature (Fig. 2) 
Absorption spectrum
The UV-Vis absorption spectra of soluble prussian blue produced from a reaction of DPH, Fe(III) and potassium ferricyanide have been recorded (Fig. 3) . It can be seen that the maximum absorption of the soluble prussian blue (---) is at 735 nm. In comparison, the absorbances of the reagent blank ( ... ) and DPH (-) are almost zero in the range of 500 -900 nm, respectively. Therefore, all of the following measurements were carried out at 735 nm against a reagent blank. Figure 4 shows the influence of ferric chloride on the absorbance. The absorbance reaches its maximum when the amount of ferric chloride is 1.00 mL. Also, it does not change with any further increasing amount of ferric chloride. This clearly indicates that all DPH had been oxidized by Fe(III), and the amounts of both the Fe(II) and the formed soluble prussian blue reached a maximum as well. Moreover, the influence of potassium ferricyanide on the absorbance has been studied, and the results can be seen in Fig. 4 . It was found that the solution's absorbance reached its maximum when the amount of potassium ferricyanide was 0.80 mL. Evidently, the absorbance was kept at a constant value when the amount of potassium ferricyanide was above 0.80 mL. This indicates that the amount of the formed soluble prussian blue reached its maximum. Thus, 1.00 mL of 1.5 × 10 -2 M ferric chloride and 1.00 mL of 1.5 × 10 -2 M potassium ferricyanide were selected as the optimum condition.
Influence of ferric chloride and potassium ferricyanide
Influence of the reaction temperature and time
The influence of the reaction temperature and the standing time on the absorbance has been investigated. It was found that the absorbance reaches its maximum at room temperature. In order to make the determination of DPH both sensitive and simple, room temperature was chosen as the optimum reaction condition. The absorbance was also determined at various standing time intervals when the reaction temperature was room temperature. This result shows that the absorbance was maximal when the standing time was equal to 35 min. Therefore, 35 min and room temperature were selected for further experiments.
Influence of an organic solvent
In order to investigate whether or not an organic solvent can improve the sensitivity of this reaction for the determination of DPH, the influences of different organic solvents on the absorbance have been discussed (Fig. 5) . In contrast to CH3OH and CH3CH2OH, the effect of CH3COCH3 on the absorbance is much more remarkable. In this regard, the absorbance is increased from 0.295 to 0.57 when the amount of added CH3COCH3 increased from 0.00 to 8.00 mL, after which, it is almost unchanged with increasing amount of CH3COCH3. This result is due to the polarity of CH3COCH3, which is less than that of CH3OH and CH3CH2OH. Meanwhile, the stability constant of soluble prussian blue is maximum in a solution containing CH3COCH3, because the complex's stability constant is increased along with a decrease of the organic solvent's polarity. 22 In other words, the concentrations of both soluble prussian blue and the absorbance are at a maximum in the solution containing CH3COCH3.
Influence of different acids
In the present work, DPH was determined by the system of potassium ferricyanide-Fe(III), but Fe(III) was prone to be hydrolyzed to form Fe(OH)3 which is indiscerptible under the condition of high pH. Thus, this reaction must take place under an acidic condition. For the purpose of making the determination of DPH sensitive, different acids were used to optimize the reaction condition, and the influences of these acids on the absorbance have been discussed (Fig. 6) . The results show that the absorbance is at the maximum value, even without any added acid (i.e., pH of the solution is 4.0). However, it declines clearly due to increasing amounts of H3PO4, HCl, H2SO4, and CH3COOH. This can be attributed to the fact that the oxidation potential of a vicinal dihydroxybenzene-containing compound increases along with an enhancement of the solution's acidity. 23 This will lead to a decrease of the reducing ability of DPH along with an enhancement of the solution's acidity. From Fig. 6 , we can see that H3PO4 has a great influence on the absorbance. Due to a colorless and steady complex (Fe(HPO4)2 -) being formed between H3PO4 and Fe(III), 24 it makes the oxidation potentials of Fe(III) shift negatively, and the absorbance decreases accordingly. The influence of CH3COOH on the absorbance is less compared to HCl and H2SO4. Now, it is possible that CH3COOH is a weaker acid. It is found that under the condition of the same acidity in Fig. 6 , the absorbances of these solutions containing various acids, respectively, are different. This is the reason why the effect of different pH values is not discussed.
Study of the reaction kinetics property
A kinetic assay is described that follows the formation of soluble prussian blue over time. Because the amounts of potassium ferricyanide and Fe(III) are in excess, the initial rate of this reaction is proportional to the initial concentration of DPH, and the reaction can be regarded as being a pseudo-first-order reaction. The reaction rate equation is indicated as d[reaction product]/dt = k′ [DPH] . According to the initial rate method, the apparent rate constant (k′) can be obtained through the absorbance-time data at different temperatures. Keeping the reaction temperature at 20 and 25 C, the absorbance can be determined so as to correspond to different standing time intervals using the initial rate method. In doing so, k′20 C and k′25 C are obtained, which provide calculated values of 7.64 × 10 -4 and 9.22 × 10 -4 s -1 , respectively. By using the Arrhenius formula (Ea = R·T1T2/(T2 -T1)·ln k′2/k′1) and the apparent rate constants, the apparent activation energy (Ea) of the indirect determination of DPH is calculated to obtain the result of 26.00 kJ mol -1 .
Calibration curve
To generate a standard curve, different standard solutions (0.05, 0.10, 0.20, 0.40, 0.80, 1.60, 2.40, 3.20, 4.00, 4.80, 6.00, 7.50 μg mL -1 ) were prepared. A good linear relationship between the absorbance (A) of the product and the concentration (C) of DPH was obtained in the range of 0.05 -6.00 μg mL -1 (Fig. 7) . The linear-regression equation obtained from the calibration graph is A = 0.022 + 0.16921C (μg mL -1 ), with a linear correlation coefficient of 0.9998. Also, the molar absorption coefficient of the indirect determination of DPH can be obtained by the slope of the linear-regression equation, and the value is 3.2 × 10 4 L mol -1 cm -1 .
Determination of the reproducibility and detection limits
According to the procedures, the absorbance of the DPH-FeCl3-K3[Fe(CN)6] has been determined for a total of 11 times with a relative standard deviation (RSD) of 0.65%. Then, a reagent blank was measured 11 times (n = 11), and a detection limit was obtained from a three-times the standard deviation of the reagent blank divided by the slope of the linear-regression equation; the result (3σ/k) is 0.045 μg mL -1 .
Interference of coexisting components
A systematic study on the influence of excipient, protein, carbohydrate, and mineral was carried out for DPH determination. The tolerance level is defined as a standard deviation of less than ±5% within the analytical determination. A conclusion can be drawn from the following: 2.5 mg mL 
Sample analysis
Analysis of DPH in injection
One DPH injection (10 mg mL -1 , Shanghai Harvest Pharmaceutical Co., Ltd., Shanghai, China) was prepared to dilute 100 mL with distilled water. Subsequently, the solution was mixed well and preserved without light at 4 C. According to the procedures, different concentrations of pharmaceutical sample solutions have been measured. The results are given in Table 1 , and are in agreement with a reference method, 21 with a low RSD and a high recovery.
Determination of DPH in banana
According to the procedure of preparation of a banana sample, a banana solution containing DPH was obtained and determined with this proposed method; the results are given in Table 2 . The result agrees well with that of the existing literature. 25 This effectively demonstrates the feasibility of the described method to determine DPH in banana samples.
Analysis of recovery of DPH from urine and serum samples
Serum and urine samples were prepared for analyses of the recovery of DPH with the proposed method; the results are given in Table 3 . High accuracy and good recoveries were obtained, which indicates that the proposed method can be successfully applied to recover DPH in urine and serum samples. 
Conclusion
The determination of DPH was carried out by spectrophotometry using potassium ferricyanide-Fe(III) in the present work. In comparison with other methods mentioned in this paper, the major advantages of the proposed method are as follows:
(1) This method is simple, rapid and economical (complicated or expensive apparatus is not used).
(2) The proposed method is highly sensitive, with a detection limit of 0.045 μg mL -1 and the apparent molar absorption coefficient of indirect determination of DPH is 3.2 × 10 4 L mol -1 cm -1 . (3) The recovery rate of DPH in pharmaceutical, banana, urine and serum samples ranged from 98.6 to 101.8%, which indicates that the common components in these samples did not affect the determination of DPH using this method.
Accordingly, using potassium ferricyanide-Fe(III) to determine DPH has an important value and practical foreground. 
